flow of the olfactory information ( Figure 2 ). The most peripheral element in the olfactory system, the olfactory receptor, was not described in detail until de 1990s. In 1991 Buck and Axel 7 published a seminal paper which described a multigene family encoding olfactory receptors (ORs), which comprised 1-5% of the human genome. This discovery granted them the Nobel Prize in Physiology or Medicine in 2004 8 and further contributed to the popularity of olfactory science. Following Buck and Axel's description, it became clear that each neuron in the olfactory mucosa could express one single type of olfactory receptor (OR), although the same receptor can be found in various neurons widely distributed in the olfactory mucosa. A single odorant molecule has different parts, which are recognized by a set of different ORs and activate a set of cells in the mucosa 9 . These cells are not simply receptors, but real olfactory neurons and their axons form the olfactory nerve bundles, which cross the skull base in the cribriform plate and synapse in the olfactory bulb. Within the olfactory bulb, there are spheres of neuropil formations called glomeruli, which are formed by axons of the various sensory neurons expressing the same kind of OR. In the glomerulus, these axons synapse onto the dendrites of the projection (mitral and tufted cells) and modulatory cells (most of which secrete GABA and/or dopamine). Figure 3 illustrates these structures.
From the olfactory bulb the information flows to the primary olfactory cortex, which includes the anterior olfactory nucleus, piriform cortex, olfactory tubercle, a small part of the amygdala and the anterior part of the entorrhinal cortex. The role of the primary olfactory cortex in humans is not fully understood, but subjects with lesions of this area fail to Figure 2 . Schematic view of the levels of processing in the rhinencephalon. From bottom to top, the levels are showed in sequential order from more peripheral to more central. Search results on PubMed (www.ncbi.nlm.nih.gov/pubmed) using search terms ("visual", "motor", "auditory" and "olfactory"). (A) shows the number of search results for the term "olfactory" alone, using the number of citations up to two thousand, and demonstrating the exponential increase of search results using the term "olfactory". (B) shows the comparative number of citations for the terms "olfactory", "motor", "auditory" and "visual", clearly demonstrating that despite the increase, the number of search results is still very small when compared to the terms "visual" and "motor", and almost half of the volume for term "auditory". identify odours appropriately, even if they can detect that a smell is present 10, 11, 12, 13, 14, 15 , suggesting this area is important for encoding odour identity, a notion supported by functional imaging studies 16, 17, 18, 19, 20 . The primary olfactory cortex sends projections to various brain regions, including diencephalic structures (thalamus and hypothalamus), limbic cortex (mainly larger parts of the amygdala and also the hippocampus) and neocortex (particularly the olfactory part of the orbitofrontal cortex). The clinician can easily observe this network as the often impressive hedonic and occasionally autonomic responses to smells, and by the close link between olfaction and memory which are often referred to particular smells. Olfactory stimuli are able to generate changes in emotions, behaviour and autonomic functions that are largely unconscious and often powerful.
unique cHaracTerisTics of THe olfacTory sysTem
In comparison to other sensory systems, olfaction has unique characteristics, which need to be appreciated for the basic understanding of the olfactory pathways. Unlike other senses, the receptors for olfaction are not mere receptor cells that connect to a bipolar neuron. They are true neurons present in the human surface epithelium. This results on them being more vulnerable to insult than neurons in the central nervous system. To compensate, the olfactory neurons can be generated in life through mitotic divisions of the basal cells present in the olfactory epithelium. Their natural turnover if of approximately 30 days
21
. The presence of pluripotent cells in the olfactory epithelium and elsewhere in the olfactory system has been the source of great interest
22
. Contrasting with other senses, the first interneuronal synapse does not happen in the spinal cord or brain stem, but in the mitral layer of the olfactory bulb. Unlike other sensory modalities, olfactory projections travel directly to the cerebral hemispheres, without thalamic relay, and while in other senses the diencephalic relay stations project to a single delineated cortical region, the olfactory information is widely projected to a network of distinct regions of the limbic cortex that altogether make up the primary olfactory cortex (POC). The topographic organization for the analysis of olfactory stimuli is still obscure. There seem to be "loose olfactory maps" linking certain neuronal populations in the olfactory bulb and primary olfactory cortex with broad but grouped olfactory stimuli 23 but these "maps" are not as well-defined and anatomically organized as those for visual, auditory and somatic information.
The flow and integration of the olfactory information is rather complex and poorly understood. There is a projection from the POC to the thalamus, but this is not essential for relay of sensory information into the neocortex, since the POC also projects directly to the orbitofrontal cortex and other cortical regions 24 . The number of reciprocal and collateral projections of the olfactory system is unusually high. The olfactory bulb (OB) and areas within the POC have numerous internal connections and in addition they further project to the striatum, thalamus, hypothalamus and orbito-frontal cortex 4, 6, 24, 25 , which project back to the POC. Furthermore, the POC and higher areas send information back to the OB as well 26 . Among these many neuron pathways and back projections, POC-derived synaptic output to hypothalamus and medial-orbito-frontal cortices have been known to enhance odor-driven social stimuli in appetitive and aversive behaviors 27 .
THe areas of THe rinencePHalon olfactory mucosa
The olfactory mucosa is located in the medial and lateral walls of the nasal cavity. It is thicker than the respiratory mucosa and occupies an area of approximately 1 cm 2 on each side of the nose
28
. The thickness, extent and integrity of the olfactory mucosa decreases significantly with age, and neuroepithelial degeneration seems to be an inevitable feature of human aging with significant reduction in olfaction 29, 30, 31 .
Exposure to viral and bacterial infections, head injury, neurodegenerative disorders and chemical exposures also can damage the nasal mucosa 33 . The function of microvillar cells is still largely unknown but they may be involved in the cell death and regeneration of ORN 34 . Tubo-alveolar cells of Bowman's glands secrete a serous fluid which may regulate olfactory transduction 33 . Last but not least, basal cells are stem cells situated deep in the olfactory epithelium. They undergo mitotic division and differentiate to replace lost receptor neurons, supporting cells 35 and olfactory ensheating cells. These olfactory replacing mechanisms are crucial for the regeneration of the olfactory nerve after trauma 36 .
olfactory bulb
The olfactory bulb (OB) has been studied in humans in more detail since the reports of pathological deposits of alpha-synuclein in Parkinson's disease and tau protein in Alzheimer's disease. In carnivores and rodents the OB is a prominent and voluminous structure, unlike in humans.
Therefore caution must be taken when extrapolating this data to humans. In rodents, six well-defined layers are described in the OB. In humans they are not as clearly defined, although the main cells types of each can be identified 37 . The olfactory nerve layer is the most superficial layer of the OB. It is composed of unmyelinated axons of olfactory receptor neurons (ORN) and express olfactory marker protein (OMP); therefore it can be easily immunolabelled and identified
38
. The glomerular layer has a distinctive appearance and is clearly visible in humans. It consists of axons of ORN that give rise to spherical neuropil formations (the glomeruli) that vary in vertebrates from 30 to 200 microns in diameter 39 ( Figure 4A ). In the glomeruli the axons of the ORN synapse onto the arborized dendrites of mitral cells, and also with the modulatory periglomerular cells. Most of the periglomerular cells secrete GABA and/or dopamine. Figure 4B shows dopaminergic periglomerular cells stained by immunohistochemistry for tyrosine hydroxylase.
The external plexiform layer is formed by dendrites of the principal neurons and granule cells and it has few cell bodies in rodents. In humans, it continues with the mitral layer and thus shows histologically with greater cell somata. The mitral cell layer is composed of large pyramidal glutaminergic cells which are the main projection outlets from the olfactory bulb 40 . In humans this layer is thin and poorly demarcated. The total number of mitral cells decreases significantly with age 41, 42 . The internal plexiform layer is another layer with few cells bodies: it mainly combines the dendritic process of granule cells and the axons of the mitral and tufted cells. Similar to the external plexiform layer, in humans it also merges with the mitral cell layer 37 . The granule cell layer has the most numerous cell structures in the rodent olfactory bulb, with a few million neurons. In humans, mitral and granule cells are more numerous and they make up half of the volume of the OB 41 . The granule cells have no distinguished axons and its long GABAergic dendrites project internally to the bulb, mainly in the plexiform layer.
Within the olfactory bulbs, quite visible islands of large pyramidal cells can be seen. These are parts of the anterior olfactory nucleus and are therefore functionally related to the primary olfactory cortex. These large neurons contrast with the smaller neurons from the granule cells layer and can be easily identified (Figures 4C and 4D ).
Primary olfactory cortex
The primary olfactory cortex (POC) is defined as the area that receives direct projections from the olfactory bulb. It is made up of five main regions, which can be further subdivided. Each region is described below and, because these regions can be found under different acronyms in the literature, their various nomenclatures are listed in Table, except for the anterior cortical nucleus of the amygdala and the periamygdaloid cortex, which are discussed in the text. These areas Table. Different acronyms for the subdivisions of primary olfactory cortex found in the literature. The table displays the most commonly used name on the first column, and other common acronyms in the second column, followed by the number of citations found using the acronym as a search term on the Google Scholar (www.googlescholar.com) database.
Most commonly used acronym Other acronyms found in the literature Cites
Piriform cortex (25000 cites) are not well delimited anatomically or histologically, therefore their recognition in histological preparations or in brain imaging largely depends on the appropriate knowledge of their relationship with main anatomical landmarks in the region, and the comparison with seminal literature on the subject. Figure 5 shows a coronal section of a half-brain with the location of one of the structures and various landmarks in the region. Figure 6 presents illustrative MRI coronal images with the main landmarks and the location of some areas of the POC.
Anterior olfactory nucleus
Despite being a prominent and extensive olfactory structure this area has been poorly studied in humans and "existing research is dispersed and obscured by many different nomenclatures and approaches"
43 . Its solid anatomical location in rodents is quite different from that in primates, where it is dispersed as discontinuous islands of large neurons ( Figure 4D ) within the OB and OT and a more delineated portion in the forebrain, all showing great inter-individual variability 41 . There is also controversy as to whether it is better termed a nucleus or cortex 44, 45 . Haberly argues that the physiological organization of the olfactory pathway, if considered in parallel with the other sensory pathways, would place the olfactory bulb as the primary olfactory cortex (as it is the first and most simple structure for the coding of smell patterns) and the anterior olfactory cortex and other areas of the POC would then AC: Anterior commissure; Acc : accumbens nucleus; Aco : anterior cortical nucleus of the amygdala; CC: corpus callosum; Cd: Caudate head; GP: Globus pallidus; IC: internal capsule; PAC: periamygdaloid cortex; PiF; PiT: frontal and temporal parts of piriform cortex; Pu: Putamen; Tu: olfactory tubercle. be the secondary olfactory cortex. On the other hand standard nomenclature dictates that cortical regions must be clearly divisible into a minimum of at least three tangential layers, and the anterior olfactory nucleus has only two.
Olfactory tubercle
The olfactory tubercle is just anterior to the olfactory trigone, and is bordered by the medial and lateral olfactory tracts. It is also referred to as the anterior perforated substance because of the perforating arteries that transpose it on their way to the subcortical regions. In contrast to rodents and carnivorous mammals where it is trilaminated and quite well developed, in humans it is made up of a loosely laminated allocortical region. In humans its function is not clear, and some evidence suggests it might be linked to the basal ganglia, as it is rich in acetylcholinesterase and its profile of iron, glutamic acid dehydrogenase, succinate dehydrogenase, enkephalin, substance P and epidermal growth factor content are typical of pallidal tissue 4 .
Piriform cortex
The term "piriform cortex" originates from the nomenclature "prepiriform" based on the fact that this distinct region of allocortex is rostral to the "pyriform lobe" present in most carnivores 4 . In rodents the piriform cortex is divided into anterior and posterior portions, which have no clear morphological boundaries. In humans, there is a curvature of the hemisphere with the development of the fetal temporal lobe. In comparison to rodent cerebral hemispheres, the piriform cortex displays a C-type curve. The more anterior portion of the piriform correspond to the human frontal piriform (PiF), and the more posterior portions corresponding to the temporal piriform (PiT) 4,46 ( Figure 5 ).
Anterior cortical nucleus of the amygdala and the periamygdaloid cortex
The anterior cortical nucleus of the amygdala (ACo) is a very small region of the amygdala, lateral to the PiT. Studies in macaques show that this region, as well as the adjoining periamygdaloid cortex, receive direct projections from the olfactory bulb 47, 48 . In humans the periamygdaloid cortex is almost indistinguishable from the anterior cortical nucleus of the amygdala and the whole area is sometimes referred to as the cortico-amygdaloid transition area, or amygdalo-piriform transition area amygdala 4 . Mai 5 clearly delimits the ACo as well as a PCo, but other anatomists consider this controversial. In the lower mammals the posterior cortical nucleus of the amygdala receives projections from the accessory olfactory nucleus 24 , which is a relay for pheromone perception from the vomeronasal organ. The vomeronasal organ is vestigial in humans and its connections and functions have not been well established, making the anatomy and function of the PCo a controversial subject in human anatomy. Other acronyms used for this region in humans of other species include "cortical amygdaloid nucleus" and "semilunar gyrus", although these names may not apply entirely to human anatomy.
Entorhinal cortex
The more anterior portions of the entorhinal cortex receive direct input from the olfactory bulb 5, 47, 48 and entorhinal activation has been demonstrated in functional magnetic resonance image studies 25 . The limits of the olfactory areas of the entorhinal cortex in humans are not well defined, but studies indicate it is likely to represent less than 15% of the entorhinal cortex 49 . Figure 5B shows a coronal section of the brain including the anterior portion of the entorhinal cortex.
olfactory projections beyond the Poc
In 1943, Allen showed that potentials could be evoked in the orbital frontal cortex by electrical stimulation of the piriform cortex, and that after ablation of this connection the response was abolished 50 . This led to the notion of the orbitofrontal cortex as the isocortical area related to olfaction. These projections from primary olfactory areas have now been extensively studied in rodents, carnivores and monkeys 51, 52, 53, 54 mostly by electrophysiological methods, delimiting the olfactory area in the latero-posterior orbital frontal cortex of the monkey (the posterior part of Area 12 of Walker
52
. Injections of anterograde axonal tracers in the piriform cortex of monkeys were able to label axons in several regions of the agranular insula/posterior orbital cortex that project back to the primary olfactory cortex 48 . Functional imaging studies have also demonstrated odorant-induced orbitofrontal cortex activation, mainly in the orbitofrontal gyri 55 , but the precise location of the input is still a challenge due to limitation of spatial resolution of functional imaging
56
. In addition to the neocortex, the POC also projects to various areas in the limbic system. In rats there are projections from the POC to various areas of the amygdala, including central nucleus (intermediate, lateral and capsular), basal nucleus (parvicellular division of the basal nucleus) and nucleus of the lateral olfactory tract. The POC also projects to CA1, subiculum and dentate gyrus 24 . The amygdala is particularly involved in the affective aspects of olfaction, being activated by olfactory stimuli with emotional valence 55 . The hypothalamus also receives an extensive input from the POC in less developed mammals. In humans, its role in olfaction is obscure, but recent research using functional neuroimaging suggests a possible involvement in affective processing of olfactory information 57 and sexual behavior
58
. The POC projects to the ventral striatum 59 and medial-dorsal thalamic nucleus 60, 61, 62 . The thalamus then projects on to the orbitofrontal cortex 53 .
final remarKs
Knowledge of the structures involved in human olfactory processing is still relatively limited, and much of what is described comes from comparative anatomical studies in rodents, where olfaction plays a much more important role in survival and the sheer size of the rhinencephalon is much larger than in humans. Therefore, caution is needed when translating findings from rodents and other mammals to microsmatic animals like man, which have a less developed sense of smell. Functional imaging studies, as well as clinical olfactory studies in subjects with delimited lesions of the rhinencephalon are likely to help delineate the olfactory areas in humans.
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